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ー密度を有する ECsとしてリチウムイオンキャパシタ（Lithium-ion capacitor: LIC）に
代表されるハイブリッドキャパシタ（Hybrid capacitors: HCs）が開発されている．HCs
は正負極が異なる蓄電原理または異なる電極材料から構築された ECsであり，高い出力密







結合型 GICs を用いたリチウム一次電池の初回放電では，正極において GF や GO の電気
化学的還元（脱フッ素化・脱酸素化）反応が起こり，炭素と Li化合物のナノ複合体へと変
化する．この放電後正極（電気化学的に還元された GF または GO）への電解質イオンの
吸脱着が可能であれば，放電後リチウム一次電池から新規 ECsを構築できることが期待さ




第 2 章では正極に GF 電極，負極に金属リチウムを用いたフッ化黒鉛リチウム一次電池






第 3 章では，GF/Li 電池およびキャパシタと同様の手法によって，正極に GO 電極，負
極に金属リチウムを用いた酸化黒鉛リチウム一次電池（GO/Li 電池）から新規 EC である
酸化黒鉛リチウムキャパシタ（GO/Li キャパシタ）を構築できることを実証した．GF/Li
キャパシタや LIC と比較したところ，GO/Li キャパシタの最大体積エネルギー密度は 78 
Wh/Lに達し，GO/Liキャパシタが高いエネルギー密度を有することがわかった． 
第 4章では，GO/Liキャパシタの出力特性を改善するために GOの出発物質黒鉛の形状
に注目した．第 3 章において Brodie 法によって合成された GO は出発物質黒鉛の形状を
よく維持していることが見出されたため，フレーク状および球晶人造黒鉛から Brodie法に




第 5 章では，黒鉛の酸化処理法ならびに単層カーボンナノチューブ（Single-walled 
carbon nanotubes: SWCNTs）との複合化に着目して GO/Liキャパシタの高性能化に取り
組んだ．Hummers法によって合成した GO（HGO）からは高い電極かさ密度を有するHGO
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  Recently, electric energy storage/conversion devices, such as rechargeable batteries 
and electrochemical capacitors (ECs), have been utilized as power sources for hybrid 
and electric vehicles and load leveling system for renewable energy.  ECs have 
attracted significant attention due to their high-power density and superior cyclability 
compared to rechargeable batteries, but the energy density of the ECs is much lower 
than that of rechargeable batteries.  In recent studies, hybrid capacitors (HCs), such 
as the lithium-ion capacitor (LIC), have been developed as ECs with a high energy 
density.  HCs operate on different storage principles with positive and negative 
electrodes and have high power and energy densities.  In ECs, the porous carbon with 
a high specific surface area is generally used since the electric charge is stored on the 
electrode surface.  However, in previous studies, it was revealed that the chemically 
defluorinated graphite-fluoride (GF) with a low surface area showed a highly 
volumetric capacitance as a carbon electrode material of the capacitor compared to the 
activated carbon.  Thus, in this research, the author focused on the first discharge 
reaction of lithium primary batteries using covalent-type graphite-intercalation 
compounds (GICs), such as GF and graphite-oxide (GO), since the electrochemical 
reduction of the GF and GO at the positive electrode during the first discharge process 
is analogous to the chemical defluorination (reduction) of the GF. 
  The objectives of this research are the demonstration of novel ECs derived from the 
discharged lithium primary batteries and the improvement of the electrochemical 
performance of the novel ECs.  This doctoral thesis consists of the following six 
chapters. 
  In Chapter 1, the background and objective of this research doctoral thesis are 
described. 
  In Chapter 2, the author demonstrates that the fully-discharged graphite-fluoride 
lithium primary battery (GF/Li battery) operates as the EC “graphite-fluoride lithium 
capacitor (GF/Li capacitor)”.  The GF/Li capacitor showed the maximum volumetric 
energy density of 52 Wh/L at the power density of 71 W/L, and this value is comparable 
to that of the typical LIC.  Based on the analytical results (Ion chromatography, 
ICP-OES, EQCM), it was revealed that the charge-discharge mechanism for the GF 
positive electrode of the GF/Li capacitor is the adsorption-desorption of the Li+ cation. 
  In Chapter 3, the author demonstrates that the graphite-oxide lithium primary 
battery (GO/Li battery) operates as the EC “graphite-oxide lithium capacitor (GO/Li 
capacitor)” in the same manner as in the GF/Li battery and capacitor.  The GO/Li 
capacitor showed the maximum volumetric energy density of 78 Wh/L, which is much 
higher than those of the GF/Li capacitor and the LIC. 
  In Chapter 4, the effect of the morphology of the GO on the output characteristic of 
the GO/Li capacitor was focused on since it was found in Chapter 3 that the particle 
morphology of the starting material graphite was maintained even after Brodie’s 
oxidation.  The author prepared two kinds of GOs with different morphologies from 
the flake- and spherical-synthetic graphite powders by Brodie’s oxidation treatment.  
As a result, the morphology of the GO did not influence the maximum energy density of 
the GO/Li capacitors.  However, the decrease in the energy density at a high power 
density was suppressed by using the spherical GO electrode.  This indicated that the 
morphology of the GO is related to the output characteristic of the GO/Li capacitor. 
  In Chapter 5, the author investigates the oxidation method of graphite and the 
composite of the GO and single-walled carbon nanotube (SWCNT) to improve the 
electrochemical performance of the GO/Li capacitor.  The Hummers’ oxidized GO 
(HGO) easily forms a high-density self-standing membrane film, and the maximum 
volumetric energy density of the GO/Li capacitor was increased to 83 Wh/L by using 
the HGO electrode with a high bulk density (1.2 g/cm3).  However, the output 
characteristic of the GO/Li capacitor was poor due to the high internal resistance of the 
GO electrode.  Thus, the author fabricated the composite self-standing film of the 
HGO and the SWCNT (HGO/CNT) to further improve the electrochemical performance 
of the GO/Li capacitor.  The output characteristic of the GO/Li capacitor was 
significantly improved by using the composite film electrode (HGO/CNT).  The 
maximum volumetric energy density of the GO/Li capacitor using the HGO/CNT90 
electrode containing 10 wt% SWCNTs reached 98 Wh/L.  An electrochemical 
impedance analysis revealed that the effect of the composite with the SWCNT is due to 
the reduction of the electronic and ionic resistivities in the electrode.  
  In Chapter 6, the author summarized the doctoral thesis. 
